Introduction
============

Platelet-rich plasma (PRP) is an autologous blood product consisting of a high number of platelets, as well as various growth factors (GFs), in a small volume of plasma. Recently, PRP has gained attention in musculoskeletal regenerative therapies \[[@b1-asj-2019-0048]-[@b3-asj-2019-0048]\] as it clinically enhances neoangiogenesis, tissue repair, and regeneration \[[@b4-asj-2019-0048]\]. Thus, PRP is emerging as a novel treatment for musculoskeletal pathologies, such as ligament injury, muscle tears, tendinopathies, and osteoarthritis \[[@b5-asj-2019-0048],[@b6-asj-2019-0048]\]. For instance, intra-articular injections of autologous PRP are effective in patients with moderate osteoarthritis \[[@b7-asj-2019-0048]\]. In previous studies, we showed that PRP accelerated bone union and induced a reduction of the bone union period in both rats and humans with spinal posterolateral fusion (PLF) \[[@b8-asj-2019-0048]-[@b10-asj-2019-0048]\]. It appears that platelet-derived growth factor (PDGF) plays an essential role in such effects as it has the ability to promote bone fusion \[[@b11-asj-2019-0048]\]. PDGF is a member of a large family of GFs secreted by human vascular endothelial cells and fibroblasts to induce phosphorylation and activation of the PDGF receptor (PDGFR), which thereby activates downstream pathways that regulate cell growth and division.

During the clinical PRP application, one of the major issues that do not allow for long-term PRP storage is the relatively short half-life of GFs in PRP. Thus, patients are required to donate a large amount of blood just before surgery for fresh PRP preparation. To overcome this limitation, we focused on freeze-dried PRP (FD-PRP) and confirmed that FD-PRP maintained baseline levels of GFs for the entire 8-week duration \[[@b12-asj-2019-0048]\]. Furthermore, Shiga et al. \[[@b13-asj-2019-0048]\] showed that FD-PRP could achieve accelerated bone union in a rat PLF model even after 8-week storage. However, there is no report showing the pharmacological activity of GFs, such as PDGF, in FD-PRP in storage for a long-term period. In the current study, we investigated the pharmacological activity of FD-PRP *in vitro* after 4 weeks of storage.

Materials and Methods
=====================

1. Fresh-platelet-rich plasma preparation
-----------------------------------------

Rather than using autograft blood, we used rodent allograft blood to prepare the PRP. After the rodents were deeply anesthetized, approximately 15 mL of fresh blood was obtained via transcardiac puncture using a syringe containing 2-mL acid-citrate-dextrose solution A (Terumo, Tokyo, Japan) to prevent coagulation. According to a past report for preparing PRP and platelet-poor plasma (PPP) \[[@b13-asj-2019-0048]-[@b15-asj-2019-0048]\], the whole blood was centrifuged (KN70; Kubota, Tokyo, Japan) at 1,500 rpm for 10 minutes. Subsequently, the plasma fraction was separated from the red blood cells and further centrifuged at 3,000 rpm for 10 minutes to obtain pelleted platelets as previously described. Then, the pelleted platelets were collected and separated from the supernatant PPP. The PRP was generated by mixing the pelleted platelets with 1 mL PPP.

2. Freeze-dried platelet-rich plasma preparation
------------------------------------------------

Each of the PRP aliquots was weighed prior to freezedrying. The test tubes were rotated in an ethanol bath at −60°C for membrane freezing (preliminary freezing). Then, the test tubes were immediately frozen at −30°C for 4 hours. The tubes were then attached to a vacuum freeze dryer to complete the process and stored for 4 weeks at 4°C. Prior to assessment, the FD-PRP samples were resuspended in distilled water. To avoid any changes in component concentrations, the weight after resuspension was matched to the weight before freeze-drying. Because PRP requires activation before application, CaCl~2~ (1 mEq/mL; Otsuka Pharmaceutical, Tokyo, Japan) and thrombin (Mochida Pharmaceutical, Tokyo, Japan) solutions were added to both fresh-PRP and FD-PRP samples. Each added solution was one-tenth of the volume of both fresh-PRP and FD-PRP ([Fig. 1](#f1-asj-2019-0048){ref-type="fig"}). We used a hematology analyzer to determine the platelet counts in whole blood, fresh-PRP, and FD-PRP.

3. Antibodies and reagents
--------------------------

Osteoblast Growth Medium (C-27001) and Osteoblast Growth Medium Supplement Mix (C-39615) were obtained from PromoCell (Tokyo, Japan); and RIPA lysis buffer from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The following antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA): anti-p42/44 mitogen-activated protein kinase (MAPK) (Erk1/2) (\#9102), anti-PDGFR β (28E1) (\#3169), antiphospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (\#9101), anti-phospho-PDGFR β (Tyr1009) (42F9) (\#3124), and anti-β-actin (\#4967). The antibody anti- DAPI was obtained from Life Technologies (Carlsbad, CA, USA); anti-Alexa Fluor 488 and anti-Alexa 594 from Invitrogen (Carlsbad, CA, USA); and horseradish peroxidase-conjugated secondary antibodies and polyvinylidene difluoride (PVDF) western blotting membrane were from GE Healthcare (Tokyo, Japan).

4. Platelet counts
------------------

Platelets were counted using a K-4500 counter (Sysmex, Tokyo, Japan). To avoid deviations due to platelet aggregation, platelet counting was performed using frozen and lyophilized samples after thawing at room temperature and after 3--4 hours of resuspension in distilled water.

5. Cell culture
---------------

Primary human osteoblasts (PromoCell) were grown in Osteoblast Growth Medium supplemented with Supplement Mix and 100 μg/mL penicillin/streptomycin in a humidified 5% CO~2~ atmosphere at 37°C.

6. RNA interference
-------------------

For RNA interference, cells at 80% confluency were transfected with the following small interfering RNAs (siRNAs; Life Technologies) using Lipofectamine RNAiMAX reagent (Life Technologies) according to the manufacturer's instructions. Silencer siRNA targeting PDGFR β (ID no. s10242 and s10241) and silencer select negative control siRNA for PDGFR were transfected. After knockdown with each siRNA for 48 hours, siRNA-transfected cells were stimulated with fresh-PRP or FD-PRP (both with final platelet concentrations of 3×10^4^/μL or 6×10^4^/μL for 10 minutes) and evaluated by western blotting.

7. Immunoblotting
-----------------

All wash buffers and extraction buffers included protease inhibitor cocktail (Roche, Tokyo, Japan), PhosSTOP phosphatase inhibitor (Roche), NaF (1 M), and Na3VO4 (50 μM). Cell extracts were resolved with SDS-PAGE and electroblotted onto PVDF membranes. After blocking with 5% skim milk in TBS-T (50 mM Tris HCl, pH 8.0, 150 mM NaCl, and 0.05% Tween-20), the membranes were probed with antibodies. The antibody--antigen complexes were detected using an enhanced chemiluminescence system (GE Healthcare).

8. Immunocytochemical staining
------------------------------

Osteoblast cells were stimulated with fresh-PRP or FDPRP (final platelet concentration of 3×10^4^/μL) or control for 48 hours. Osteoblast cells were fixed with 4% (weight/volume \[w/v\]) formaldehyde (Wako) in phosphatebuffered saline (PBS) at room temperature for 10 minutes. Next, the samples were incubated with 0.1% (w/v) Triton X-100 in PBS for 10 minutes and subsequently with 0.5% (w/v) skim milk in PBS at room temperature for 30 minutes. The samples were then incubated with primary antibodies overnight at 4°C. Then, the samples were incubated with secondary antibodies at room temperature for 1 hour. The samples were counterstained with DAPI to visualize cell nuclei, and the images were processed using a fluorescence microscope.

9. Cell viability assay
-----------------------

Cultured osteoblast cells at a concentration of 1×10^6^ cells/mL in a 96-well plate were stimulated with fresh-PRP or FD-PRP (final platelet concentration of 3×10^4^/μL) or control for 48 hours. Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (Cayman Chemical, Ann Arbor, MI, USA) was added at a volume equivalent to 10% of the culture volume, under sterile conditions and incubated for 4 hours in a CO~2~ incubator at 37°C. After incubation, a crystal dissolving solution was added to cultures and incubated for 4--18 hours in a CO~2~ incubator at 37°C. Then, the absorbance of each sample at 570 nm was measured using a microplate reader. Cell viability (%) was calculated based on the following equation:

(Experimental group absorbance value/control group absorbance value)×100.

10. Statistical analysis
------------------------

Experimental data are expressed as mean±standard deviation. Significant differences between mean values were calculated using Student *t*-test, with *p*\<0.05 as the criterion for statistical significance.

Results
=======

1. Platelet counts in fresh-PRP and FD-PRP
------------------------------------------

Before use, fresh-PRP and FD-PRP stored for 4 weeks were activated with CaCl~2~ and thrombin to stimulate human osteoblasts ([Fig. 1](#f1-asj-2019-0048){ref-type="fig"}). The mean platelet counts were (35.9±8.3)×10^4^/μL in the whole blood sample, (313±46.7)×10^4^/μL in the fresh-PRP, and (335.5±4.1)×10^4^/μL in the FD-PRP. The platelet counts in the fresh-PRP and FD-PRP samples were approximately 10-fold higher than in peripheral blood samples, and the samples were evenly concentrated ([Fig. 2](#f2-asj-2019-0048){ref-type="fig"}).

2. Fresh-PRP and FD-PRP activate PDGFR and its downstream target ERK, inducing the proliferation of osteoblasts
---------------------------------------------------------------------------------------------------------------

Results of western blotting showed the phosphorylation and activation of the downstream protein extracellular signal-regulated kinase (ERK), as well as PDGFR in both fresh-PRP ([Fig. 3A](#f3-asj-2019-0048){ref-type="fig"}) and FD-PRP ([Fig. 3B](#f3-asj-2019-0048){ref-type="fig"}) samples. A significant difference in the phosphorylation of PDGFR and ERK was observed between the groups with control and fresh-PRP. Similar results were obtained in the groups with control and FD-PRP ([Fig. 3C](#f3-asj-2019-0048){ref-type="fig"}, [D](#f3-asj-2019-0048){ref-type="fig"}). Conversely, no difference was observed in the levels of phosphorylated PDGFR and ERK between the fresh-PRP and FD-PRP groups. Immunostaining showed a significant proliferation of osteoblasts in both fresh-PRP and FD-PRP ([Fig. 4A](#f4-asj-2019-0048){ref-type="fig"}). Quantification using the MTT assay showed that both fresh-PRP and FDPRP significantly induced the proliferation of osteoblasts, with up to 1.8-times more growth compared with the control group ([Fig. 4B](#f4-asj-2019-0048){ref-type="fig"}). However, no difference was observed in the proliferation of osteoblasts between the groups with fresh-PRP and FD-PRP.

3. PDGFR knockdown attenuated the downstream ERK activation by both fresh PRP and FD-PRP
----------------------------------------------------------------------------------------

Next, we evaluated the effects of the knockdown of PDGFR in osteoblasts on ERK activation by PRP. siRNA-induced PDGFR knockdown remarkably suppressed the PDGFR protein expression in western blotting. At each concentration tested, knockdown of osteoblast PDGFR resulted in the attenuation of downstream ERK activation with both fresh PRP ([Fig. 5A](#f5-asj-2019-0048){ref-type="fig"}) and FD-PRP ([Fig. 5B](#f5-asj-2019-0048){ref-type="fig"}).

Discussion
==========

In this *in vitro* study, we showed that PDGF in FD-PRP retains its activity and promotes the proliferation of osteoblasts via the PDGFR-mediated ERK signaling pathway in a manner comparable with fresh-PRP even after freezedrying and storing for 4 weeks.

Although we previously reported that FD-PRP promotes bone union in a rat PLF model after 8-week storage, the effectiveness of the GFs included in the FD-PRP was not evaluated. Regarding the validity of the freeze-drying procedure, Hanafusa \[[@b15-asj-2019-0048]\] reported that some proteins are inactivated by thawing after freeze-drying and further evaluated the mechanisms for stable or unstable proteins in freeze-dried samples \[[@b16-asj-2019-0048]\]. Nonetheless, in the current study, we showed that PDGF in FD-PRP was almost evenly stored for 4 weeks after freeze-drying. Furthermore, PDGF in FD-PRP induced proliferation of osteoblasts, indicating that it has pharmacological activity even after freeze-drying.

Among the several GFs, we focused on PDGF in the current study. In fact, we have already reported PDGF concentration to be more than 50-fold in human PRP in a previous study \[[@b9-asj-2019-0048]\]. Furthermore, PDGF induces osteoblast differentiation by enhancing collagen synthesis and bone cell proliferation as well as tissue repair \[[@b17-asj-2019-0048],[@b18-asj-2019-0048]\]. Demirtas et al. \[[@b19-asj-2019-0048]\] reported that isolated PDGF induced two-fold proliferation of osteoblasts in comparison with the control *in vitro*. In the current study, both fresh-PRP and FD-PRP has similar effects. Both induced approximately two-fold proliferation of osteoblasts. PRP also contains other GFs, such as epidermal growth factor (EGF) and fibroblast GF, which have a similar ability to promote bone union, as does PDGF \[[@b20-asj-2019-0048]\]. Thus, further examination to evaluate whether other GFs in PRP contribute to osteoblast proliferation is required.

As stated above, while PRP is useful because of its concentrated GFs, the effectiveness can vary depending on the platelet concentration. For instance, Yamaguchi et al. \[[@b21-asj-2019-0048]\] evaluated the effects of concentrated PRP on intestinal anastomotic healing in rats. However, the optimal platelet concentration in PRP required for bone fusion is yet under investigation. Graziani et al. \[[@b22-asj-2019-0048]\] investigated the effects of different platelet concentrations in PRP using osteoblasts and concluded that 3--5-fold higher platelet concentration of PRP compared with that of whole blood is effective for tissue repair. In the current study, we obtained up to 10-fold higher platelet concentration of PRP compared with that of whole blood, as shown in [Fig. 2](#f2-asj-2019-0048){ref-type="fig"}. However, since adverse effects, such as exuberant inflammatory reaction \[[@b23-asj-2019-0048]\], may occur at such high platelet concentrations, evaluation of the optimal platelet concentration in PRP should be considered in a future study.

Another issue reported in the studies of PRP is the presence of leukocytes in PRP. Depending on its leukocyte concentration, PRP is classified as leukocyte-poor PRP or leukocyte-rich PRP, and their different activities are highly debated \[[@b24-asj-2019-0048]\]. Yan et al. \[[@b25-asj-2019-0048]\] reported that leukocyte-poor PRP is better at improving tendon healing than leukocyterich PRP and is the preferable option for the clinical treatment of tendinopathy. In the current study, as well as in previous studies, we used leukocyte-poor PRP to avoid the inflammatory action of leukocytes. Although there are few reports of differences in the effects of these PRPs in the bone region, our studies demonstrate that leukocytepoor PRP can promote bone union *in vitro* and *in vivo*. Further investigation is required to determine the optimal concentration of leukocytes in PRP.

In the current study, we also investigated the involvement of the MAPKs, which play essential roles in a variety of cell processes by affecting transcriptional or translational regulation, with three known factors, ERK, c-Jun N-terminal kinase (JNK), and p38 \[[@b26-asj-2019-0048]-[@b28-asj-2019-0048]\]. ERKs play a central role in cell survival and mitogenic signaling, while the JNK and p38 MAP kinases induce various stress responses, including apoptosis, inflammation, and differentiation \[[@b29-asj-2019-0048]\]. Various studies have reported that ERK acts downstream of the PDGF pathway and regulates cell proliferation \[[@b30-asj-2019-0048]\]. Both fresh-PRP and FDPRP activated PDGFR and its downstream target ERK in osteoblasts, indicating that PDGF concentration in PRP is sufficient to induce the proliferation of osteoblasts via the PDGFR-mediated ERK signaling pathway ([Figs. 3](#f3-asj-2019-0048){ref-type="fig"}, [4](#f4-asj-2019-0048){ref-type="fig"}). Furthermore, knockdown of osteoblast PDGFR reduced the activation of downstream ERK, showing that PDGF in PRP is required for the proliferation of osteoblasts via the PDGFR-mediated ERK signaling pathway ([Fig. 5](#f5-asj-2019-0048){ref-type="fig"}). These results show that both fresh-PRP and FD-PRP have similar pharmacological activity.

The current study has some limitations. First, we did not evaluate the activity of GFs other than PDGF. Because EGF and other GFs are also reported to promote bone fusion, further investigation of the activity of other GFs is warranted in the future. Second, although we evaluated the effect of PRP on osteoblast proliferation, we did not evaluate the effect of PRP on osteoblast differentiation. Zhao et al. \[[@b31-asj-2019-0048]\] reported that PDGF promotes proliferation and osteogenic differentiation of bone marrow stromal cells via the ERK pathway. Further investigation is required to identify whether FD-PRP also has an osteoblast-differentiating activity. Third, it is also necessary to evaluate the optimal platelet and leukocyte concentration in PRP. Finally, an accurate comparison of the activity between fresh-PRP and FD-PRP is needed.

Conclusions
===========

In conclusion, we showed that PDGF in FD-PRP is pharmacologically active *in vitro* after 4 weeks of storage. As concluded in previous reports \[[@b12-asj-2019-0048],[@b13-asj-2019-0048]\], for the clinical application of FD-PRP after extended long-term storage, further investigations are required to determine the effects of FD-PRP on human bone fusion and soft tissue repair. If FD-PRP is shown to be clinically applicable, it could be useful to promote bone fusion after bone fracture surgical repair, induce interbody fusion, and provide the appropriate scaffolding for bone formation after spinal surgery without the need of intraoperative blood collection.
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![Preparation of fresh-PRP and FD-PRP. FD-PRP was stored for 4 weeks and both fresh-PRP and FD-PRP were activated with CaCl~2~ and thrombin before use. PRP, platelet-rich plasma; FD-PRP, freeze-dried platelet-rich plasma.](asj-2019-0048f1){#f1-asj-2019-0048}

![Platelet counts in PRP. The platelet concentration of fresh-PRP and FD-PRP was 10-fold higher than that of whole blood. Values are presented mean±standard deviation. PRP, platelet-rich plasma; FDPRP, freeze-dried platelet-rich plasma; n.s. not significance. \**p*\<0.05 (n=3).](asj-2019-0048f2){#f2-asj-2019-0048}

![(A) Western blot analysis indicated that fresh-PRP phosphorylated and activated PDGFR and ERK in the osteoblasts. (B) Western blot showed that FD-PRP phosphorylated PDGFR and ERK in the osteoblasts. (C, D) Fresh-PRP and FD-PRP induced significantly more phosphorylation and activation of PDGFR and ERK compared with the control. However, no difference was observed in the levels of phosphorylated PDGFR and ERK between fresh-PRP and FD-PRP groups. Results are derived from three independent experiments performed in triplicate (n=3). PRP, platelet-rich plasma; PDGFR, platelet-derived growth factor receptor; ERK, extracellular signal-regulated kinase; FD-PRP, freeze-dried platelet-rich plasma; n.s., not significance.](asj-2019-0048f3){#f3-asj-2019-0048}

![(A) Immunostaining shows significant proliferation of osteoblasts in both fresh-PRP and FD-PRP. Scale bar=50 µm. (B) Quantification of cell viability using MTT assay shows that both fresh-PRP and FD-PRP induce the proliferation of osteoblast approximately 1.8-times more than the control. Values are presented mean±standard deviation. PRP, platelet-rich plasma; FD-PRP, freeze-dried platelet-rich plasma; n.s., significance; OD, optical density. \**p*\<0.05 (n=3).](asj-2019-0048f4){#f4-asj-2019-0048}

![(A) Fresh-PRP and (B) FD-PRP induce the phosphorylation and activation of ERK in a concentration-dependent manner, which is inhibited in the PDGFR knockdown line. Results are derived from three independent experiments performed in triplicate (n=3). PRP, platelet-rich plasma; FD-PRP, freeze-dried platelet-rich plasma; ERK, extracellular signal-regulated kinase; PDGFR, platelet-derived growth factor receptor.](asj-2019-0048f5){#f5-asj-2019-0048}
